Cloning and sequencing of mouse Mf2 (mesoderm/mesenchyme forkhead 2) cDNAs revealed an open reading frame encoding a putative protein of 492 amino acids which, after in vitro translation, binds to a DNA consensus sequence. Mf2 is expressed at high levels in the ventral region of newly formed somites, in sclerotomal derivatives, in lateral plate and cephalic mesoderm and in the first and second branchial arches. Other regions of mesodermal expression include the developing tongue, meninges, nose, whiskers, kidney, genital tubercule and limb joints. In the nervous system Mf2 is transcribed in restricted regions of the mid-and forebrain. In several tissues, including the early somite, Mf2 is expressed in cell populations adjacent to regions expressing sonic hedgehog (Shh) and in explant cultures of presomitic mesoderm Mf2 is induced by Shh secreted by COS cells. These results suggest that Mf2, like other murine forkhead genes, has multiple roles in embryogenesis, possibly mediating the response of cells to signaling molecules such as SHH.
Introduction
The forkhead, or winged helix, DNA-binding domain was originally detected in the Drosophila forkhead gene product and in rat hepatocyte nuclear transcription factors (Hnf3 a, b, g). Subsequently, an evolutionarily conserved family of over 80 forkhead-related transcription factors has been identified in species ranging from yeast to human. Evidence suggests that this family plays diverse and crucial roles during embryonic development in processes such as proliferation, cell fate determination, differentiation and tissue-specific gene expression (for reviews see Lai et al., 1993; Costa, 1994; Kaufmann and Knochel, 1997) .
Direct genetic evidence for these multiple roles in embryogenesis has come from the phenotypes caused by gain-or loss-of-function alterations. For example, several family members have been implicated in the control of embryonic cell proliferation (Li and Vogt, 1993; Nehls et al., 1994; Freyaldenhoven et al., 1997) . Among these are murine Brain factor 1 (Bf1) which is required for normal forebrain development; inactivation of gene function causes reduced neuroepithelial proliferation and premature differentiation into neurones (Xuan et al., 1995) . A defect in proliferation, as well as possibly cell differentiation and migration, has also been identified in mouse embryos homozygous for a null mutation in Mfh1. In this case, the affected populations include the sclerotomal cells of the somites and paraxial mesoderm of the head, both cell types in which Mfh1 is expressed . By contrast, inactivation of the Fkh6 gene leads to abnormalities in the proliferation of gut endoderm cells adjacent to the splanchnic mesoderm cells that actually express Fhk6 (Kaestner et al., 1997) . This suggests that Fkh6 regulates the expression of a mesodermally secreted signaling molecule supporting endodermal growth and differentiation. A similar intercellular signaling model has been proposed for the function of Brain factor 2 (Bf2) during kidney development (Hatini et al., 1996) . There are several examples of vertebrate winged helix genes playing a role in cell fate determination and the regulation of cell type-specific gene expression during embryogenesis. For example, the putative chick homologues of Bf1 and Bf2 (CBF-1 and CBF-2) have been implicated in neuronal specification in the chick retina (Yuasa et al., 1996) . In the mouse embryo, Hnf3b is normally expressed in the notochord and in the floor plate of the neural tube. Transgenic misexpression of Hnf3b in the dorsal neuroepithelium in the midbrain/hindbrain region leads to ectopic expression of floor plate specific genes, including Sonic hedgehog (Shh) (Sasaki and Hogan, 1994; Hynes et al., 1995) . Finally, the winged helix protein Fast1 has been implicated as a co-regulator with Smads in the transcriptional activation of the Xenopus Mix2 gene in response to activin signaling (Chen et al., 1996) .
Here, we focus on the mouse mesoderm/mesenchyme forkhead 2 (Mf2) gene previously identified in a screen for forkhead genes expressed in 8.5 days post coitum (p.c.) mouse embryos and mapped to chromosome 4 (Sasaki and Hogan, 1993; Labosky et al., 1996) . We have identified a putative full-length open reading frame from overlapping cDNAs and genomic sequence. The translation product from this sequence binds specifically to a forkhead protein-binding consensus DNA oligonucleotide. Mf2 transcripts are first detected during embryogenesis in the anterior presomitic mesoderm and newly formed somites and we present evidence that the gene is induced in these cells by the signaling molecule sonic hedgehog (Shh) secreted by the notochord. Later in development, Mf2 is expressed in multiple mesenchymal sites in the embryo and in specific populations in the mid-and forebrain. Similarities and differences between the potential functions of Mf2 and other forkhead genes during mouse development are discussed.
Results

Full-length Mf2 cDNA and predicted protein
In our previous study, a 0.8 kb Mf2 cDNA was isolated (Sasaki and Hogan, 1993) . To recover the entire coding region, we rescreened a 8.5 days p.c. mouse embryo cDNA library and sequenced three new cDNAs which together cover 1.6 kb of Mf2 sequence, including a putative full-length open reading frame. The single Mf2 transcript in 9.5 days p.c. embryos was estimated to be around 3.2 kb by Northern blot analysis (data not shown).
As shown in Fig. 1A , the first ATG codon in frame with the winged helix domain is located 56 nucleotides from the 5′ end of the cDNA in a near-optimal context for translational initiation. Another in frame ATG codon lies 10 amino acid residues downstream but is in a poor initiation context. RNase protection assays detect multiple putative transcriptional start sites within 200 to 230 bp upstream of the 5′-end of the cDNA (data not shown). There is no additional ATG between the putative transcriptional and translational start sites and several stop codons in all three frames. Therefore, we have assigned the first ATG as the translational start site of the conceptual Mf2 protein. The open reading frame encodes a protein of 492 amino acids with a calculated M r of 54 120 (Fig. 1A) . Comparison of Mf2 genomic and cDNA sequences confirms this ORF designation and reveals that there is no intron within the coding region.
A comparison of the Mf2 winged helix domain with that of other selected mouse forkhead proteins is shown in Fig.  1B . Mf2 is most closely related to Bf2, with only one amino acid difference within the winged helix domain. Outside this domain, however, the amino acid sequences are divergent, although there is a high level of identity in a few areas (e.g. seven out of eight residues are identical at amino acids 26-34 in the Mf2 protein). Mf2 also shares 94 and 92% identity at the amino acids level in the winged helix domain with two other mouse forkhead proteins, Hfh2 (Genesis) (Clevidence et al., 1994; Sutton et al., 1996) and Fkh2 (Kaestner et al., 1995) , respectively. These four proteins appear to belong to a subfamily since they share an S(G/N)R… (E/ R)KFPA amino acid sequence within the winged helix domain (Sutton et al., 1996; Kaufmann and Knochel, 1997) . Mfh1 and Mf1, two other winged helix genes expressed in the paraxial mesoderm of the gastrulating mouse embryo (Miura et al., 1993; Sasaki and Hogan, 1993) , encode proteins with a lower level of identity with Mf2 in the winged helix domain (Fig. 1B) .
Outside the DNA binding domain, Mf2 contains some potential transcriptional regulatory domains, a feature of other winged helix proteins (Costa, 1994) . One of these is an acidic amino acid rich region (residues 61-73). Other potential sites are proline-rich regions on either side of the winged helix domain.
Recent studies have identified a chick winged helix protein, CWH1 (Freyaldenhoven et al., 1997) , which shows 100% identity with Mf2 over the winged helix domain and an overall amino acid similarity of 71% with multiple regions of amino acid identity. Therefore, it is likely that CWH1 is the chick homologue of mouse Mf2, rather than Bf2 as suggested by the authors. This conclusion is supported by the identification of a chick protein, CBF2 (Yuasa et al., 1996) , with higher relatedness to Bf2 than CWH1.
Mf2 encodes a protein with specific DNA binding activity
To confirm that Mf2 encodes a DNA binding protein, two expression plasmids, pSW12 and pMF2-ORF, were constructed by inserting, respectively, a 1.8 kb genomic fragment covering the putative ORF and the 1.6 kb of Mf2 cDNA into pBluescript KS. In vitro transcription and trans-lation yielded a major 70 kDa protein of either pSW12 or pMF2-ORF ( Fig. 2A) . The translated product appears to be about 15 kDa larger than predicted. This may be due to the presence of proline rich sequences, or to post-translational modification such as phosphorylation. A smaller minor protein may represent a translation product initiated from the second methionine.
To test if Mf2 protein has DNA binding activity, a gel mobility shift assay was performed using the binding site of human FREAC4 (Pierrou et al., 1994) . This protein has a forkhead domain identical to that of Mf2 and is thought to be the human homologue of mouse Bf2 (Ernstsson et al., 1996) . As shown in Fig. 2B , Mf2 translated from either the cDNA or genomic fragment binds to the FREAC4 oligonucleotide (lanes 2 and 5). Binding of radioactive oligonucleotide is completely inhibited by the addition of a 100-fold excess of unlabeled wild-type (lanes 3 and 6) but not mutant FREAC4 oligonucleotide (lanes 4 and 7). As a control, in vitro translated mouse Bf2 was also shown to bind specifically to the FREAC4 oligonucleotide (data not shown). 
Expression of Mf2 in somites and sclerotome derivatives
In the approximately seven-somite stage embryo, the major site of expression of Mf2 is the paraxial mesoderm of the head and body (Fig. 3A) . Low levels of transcripts can be detected in the anterior presomitic mesoderm (corresponding to the most anterior somitomere), followed by strong expression in the next six to seven somites (Figs. 3A-C, 5A). In the first newly formed somite (stage I according to the nomenclature of Christ and Ordahl, 1995) Mf2 is clearly expressed most strongly in the ventral region, with a pattern very similar to that of Pax1 (Fan and Tessier-Lavigne, 1994) . However, the expression of Mf2 during somitogenesis precedes that of Pax1, which is not transcribed in the presomitic mesoderm (Fig. 3C ). As the somite matures Mf2 transcripts are detected in the sclerotome region, which gives rise to the vertebrae and ribs. Sclerotomal expression is shown in stage IV somites in Fig. 3D . By 12.5 days p.c. high levels of Mf2 RNA can be seen in sclerotome-derived cells that have migrated ventrally around the notochord to give rise to the vertebral anlagen (Fig. 3E,F) . However, Mf2 is not expressed in the chondroblasts immediately adjacent to the notochord. At this stage its expression overlaps in the sclerotome with that of Mfh1 but Mfh1 transcripts are present laterally in regions where Mf2 is not expressed. In addition to the somites, Mf2 is highly expressed in paraxial mesoderm of the head, intermediate mesoderm (indicated as an arrow in Fig. 3B ) and in the first, second and third branchial arches in 9.5 days p.c. embryos (Fig. 3B ).
Mf2 expression in mesodermal/mesenchymal regions of the later embryo
By 11.5 days p.c., Mf2 expression is detected in a number of other mesodermal/mesenchymal cell populations, in particular those undergoing condensation, migration or vascularization. Some of these populations are adjacent to sites of expression of Sonic hedgehog (Shh). In addition, there is often overlap between Mf2 expression and that of other forkhead genes.
In the head, there are several prominent sites of Mf2 expression, including the tongue, meninges, nose, maxillary mesenchyme and vibrissae. In the tongue, transcripts are localized to the dorsal and anterior regions (Figs. 4A, 6A) where they overlap with Bf2 ( Fig. 6B ) and Mfh1 and Fkh6 (Kaestner et al., 1996a) . Strong expression of Mf2 can be detected in the developing meninges in the midbrain, ventral forebrain and hindbrain regions and spinal cord (Fig. 6C,F and data not shown). The meninges contain endothelial cells and mesenchyme largely derived from the paraxial mesoderm (Noden, 1988; Halata et al., 1990) but it is not possible to determine whether transcripts are present in all cell types or only a subpopulation. This is true also for the other forkhead genes expressed in the meninges, for example Mfh1 (Miura et al., 1993) , Mf1 (Tsutomu Kume, pers. commun.) and Bf2 (Hatini et al., 1994) . In the nose, Mf2 transcripts are highly localized to the mesenchyme surrounding the respiratory epithelium in the proximal parts of the nasal cavities (Fig. 4B) . It is not expressed in the mesenchyme adjacent to the olfactory epithelium, nor in the midline in the prospective cartilage of the nasal septum. High levels of Mf2 transcripts are detected from 11.5 days p.c. in antero-lateral domains of mesenchyme in the maxillary process at, and medial to, the developing tooth germs which are sites of Shh expression (data not shown). Finally, Mf2 expression is clearly detected by both whole-mount and 35 S]cysteine and separated by SDS-polyacrylamide gel electrophoresis. The autoradiograph was exposed for 16 h. Lane 1, control, no template added; lanes 2 and 3, in vitro translation products using pSW12, a plasmid carrying Mf2 genomic DNA, or pMf2-ORF, a plasmid containing Mf2 cDNA, as templates, respectively. The major and minor Mf2 translation products are marked by arrowheads. (B) Mobility shift analysis of Mf2 protein. The in vitro translated products shown in (A) were used to test for specific binding of Mf2 to the FREAC4 binding oligonucleotide. The arrowhead indicates the FREAC4-Mf2 complex. C, control, no added protein; w, 100-fold excess unlabelled wild-type FREAC4 oligo added; m, mutant FREAC4 oligo added.
section in situ hybridization in the condensing mesenchyme around the epithelial follicles of the vibrissae, which express Shh (Fig. 4D) , and around the three large sensory hairs of the wrist (Fig. 4E) . Expression in the mesenchyme of the vibrissae is also a feature of Bf2 (Hatini et al., 1994) .
During the development of the appendicular skeleton Mf2 expression is confined to the joints of both the fore-and hindlimbs, with highest levels from 13.5 to 15.5 days p.c. (Fig. 4E) . No Mf2 RNA can be detected in the condensing mesenchyme of the future cartilage primordia, which are strong sites of both Mfh1 and Mf1 expression ; Tsutomu Kume, unpublished data). Finally, Mf2 transcripts were detected in the metanephros, in mesenchymal cells around the developing tubules in the cortex. At 12.5 days p.c., this expression was very similar to that of Bf2 (Fig. 4F,G) . High levels of Mf2 expression were also seen by whole-mount in situ hybridization in the genital tubercule (data not shown).
Mf2 is induced in presomitic mesoderm by Sonic hedgehog
The expression studies described above show that Mf2 transcripts are sometimes present in mesoderm populations adjacent to cells expressing high levels of Shh. This is the case, for example, in the whisker follicles (Fig. 4C,D) and the anterior presomitic mesoderm and ventral somite (Fig.  5A,B) . These results raise the possibility that Mf2 is regulated by Shh by analogy with the induction of Hnf3b, another forkhead gene, in the floorplate of the neural tube by Shh (Roelink et al., 1995) . To test this possibility, we used the presomitic mesoderm culture system, originally devised to study the induction of Pax1 by Shh (Fan and Tessier-Lavigne, 1994) . Small pieces of presomitic mesoderm (indicated by dotted lines in Fig. 5A ) were dissected from 9.5 days p.c. embryos and co-cultured in collagen gels with COS cells transfected with an Shh expression vector. As shown in Fig. 5C , after 24 h there was significant induction of Mf2 RNA in cells adjacent to the transfected COS cells (right) compared with controls (left). This was confirmed by sectioning through the samples after whole-mount in situ hybridization (Fig. 5E,G) . In every case examined, we found that the presomitic mesoderm exposed to Shh had looser cell-cell contacts compared with controls (Fig. 5E ,F compared with G,H); in some cases the Mf2 positive cells had migrated out and over the surface of the collagen gel. This suggested that the presomitic mesoderm cells had changed their adhesion properties, as occurs in vivo during the formation of the sclerotome and its migration ventrally around the notochord. Previous reports have shown that two adhesion molecules, N-cadherin (N-Cad) and cadherin-11 (Cad-11) are expressed in complementary patterns during somitogenesis. N-Cad is initially expressed throughout the presomitic mesoderm but as the somite forms it is downregulated in the sclerotome while Cad-11 transcripts are expressed in the migrating sclerotomal cells (Kimura et al., 1995) . Therefore, we examined the expression of Cad11 in the explant culture and found that it was also induced in response to Shh (Fig. 5F,H) , although there was no significant change in the expression of N-Cad (data not shown).
Expression of Mf2 in the brain
In addition to its mesodermal expression, Mf2 is also expressed in a dynamic spatio-temporal pattern in the developing central nervous system. At 10.5 days p.c., high levels are seen in bilateral ventral domains spanning the posterior diencephalon and anterior midbrain (shown at 11.5 days p.c. in Fig. 4A ). The anterior limit of this expression (dotted line in Fig. 6C ) is at the level of the p2-p3 boundary, the zona limitans, which also expresses Mf2 at low levels. The posterior limit lies within the anterior midbrain, but is not at a recognizable morphological boundary. Mf2 expression is confined to the basal plate and is absent from the floorplate. Section in situ hybridization (Fig. 6E ) reveals that Mf2 is expressed only in the mantle layer and not in ventricular zone cells. Comparison of Bf2 and Mf2 expression by this method (Fig. 6A,B) shows that although closely related in the winged helix domain, the two genes have distinct patterns of expression in the nervous system. By 11.5 days p.c., a second domain of Mf2 expression is detected in the tuberal hypothalamus (shown at 12.5 days p.c in Fig. 6C ). This domain has a triangular shape and lies just anterior of the mSim expression domain (Fig. 6C,D) . Transcript levels are lower than in the posterior forebrainrostral midbrain region, a finding which holds true at all later stages examined (up to 13.5 days p.c.).
At 13.5 days p.c. (Fig. 6F) , two additional domains of Mf2 expression in the brain are detected in the ganglionic eminences of the basal forebrain and at the level of the midbrain-pons boundary. In all cases, Mf2 transcripts are not detected in the cells of the ventricular layer.
Discussion
Here, we report the putative protein coding sequence, DNA-binding activity and the detailed expression pattern of Mf2 in the mouse embryo. In addition, we provide evidence for the regulation of Mf2 expression by Shh during somitogenesis.
Mf2 in paraxial mesoderm development
Mf2 was first isolated in a screen for genes expressed during axial patterning of the mouse embryo. Subsequently, it has been shown that four forkhead genes (Mfh1, Mf1, Mf2 and Mf3) are expressed in the presomitic mesoderm and somites in distinct but overlapping patterns. Within somite I, Mf2 is expressed in a rather different pattern from the other three forkhead genes. Mfh1 and Mf1 are both expressed throughout somite I and subsequently in a very dynamic pattern , while Mf3 is expressed at low levels in the dorsal somite (Labosky et al., 1997) . By contrast, Mf2 transcripts are localized to the ventral region of all somites. What is the significance of these different temporal and spatial patterns of winged helix gene expression? One possibility is that each of the genes is expressed in specific subpopulations of paraxial mesoderm and regulates the differentiation and/or proliferation of the precursors of different somite-derived tissues, such as the chondroblasts of the vertebrae, the angioblasts, the meninges and the perineural cells. Another possibility, which is not mutually exclusive, is that different winged helix proteins are expressed in the same cells, but regulate different sets of target genes. This might be expected for those proteins with very divergent amino acid sequences in the DNA recognition helix of the winged helix domain, e.g. Mf2 and Mfh1.
The fact that Mfh1 tm1 homozygous null embryos have defects in both vertebral development and vascular abnormalities shows that at least some winged helix genes expressed in the paraxial mesoderm have essential and unique functions during development. On the other hand, the fact that these mutants have no Heads were bisected along the midline and are viewed from the ventricular surface with anterior to the left. White arrows indicate the anterior boundary of mSim expression in the hypothalamus. In (C), note especially the Mf2 expression in the tuberal hypothalamus (tu). The dotted line marks the anterior limit of the ventral Mf2 expression in the caudal diencephalon. Low levels of Mf2 expression are also detected along the zona limitans. (E,F) Section in situ hybridization with an Mf2 probe at 12.5 and 13.5 days p.c., respectively. (E) Note the absence of Mf2 signal from the ventricular zone (vz) in both the forebrain-midbrain region (E) and in the basal forebrain and pons-midbrain junction (F). ctx, developing cerebral cortex; ge, ganglionic eminence; hb, hindbrain; mb, midbrain; mf, mesencephalic flexure; mng, meninges; p2, prosomere p2; p3, prosomere p3; poa, post optic area; tng, tongue; tu, tuberal hypothalamus; vz, ventricular zone; zl, zona limitans. Scale bars, 250 mm (A,B), 500 mm (E) and 1 mm (F).
obvious defects in their appendicular skeleton even though Mfh1 is expressed at high levels in the condensing mesenchyme of the cartilage rudiments presumably indicates some functional compensation by other winged helix genes. Experiments to inactivate Mf2 by gene targeting are currently being carried out in order to assess in vivo function.
Regulation of Mf2 expression by Shh
A striking feature of Mf2 expression is that transcripts are localized to the ventral part of somite I. This is very similar to the expression pattern of Pax1 and raises the possibility that, like Pax1, the Mf2 gene is regulated by opposing signals from the notochord and dorsal ectoderm (Fan and Tessier-Lavigne, 1994 ). In vitro experiments have shown that Pax1 can be induced in presomitic mesoderm by the signaling molecule Shh, which is normally secreted by the notochord (Fan and Tessier-Lavigne, 1994) . Moreover, expression of Pax1 is severely reduced in Shh homozygous null mutants compared with wild-type (Chiang et al., 1996) . We have shown here that Mf2 is indeed induced in presomitic mesoderm by co-culture with Shh-expressing COS cells (Fig. 5) . Further experiments are necessary to determine whether Shh is directly regulating Mf2, possibly via a mechanism involving Patched (Ptc) and Gli genes (Sasaki et al., 1997) . The observation that Mf2 is expressed in vivo in the most anterior presomitic mesoderm, while Pax1 transcripts are first detected in stage I somites, raises the possibility that Mf2 acts upstream of Pax1. During the in vitro culture experiments it was noticed that cell-cell associations were looser in the presomitic mesoderm samples exposed to Shh than in controls. Studies have shown that the differentiation of the sclerotome is associated with the expression of Cadherin-11 (Cad11), whereas the epithelial dermomyotome expresses N-cadherin (Kimura et al., 1995) . Our in vitro experiments show that Cad11 transcription is induced in the presomitic mesoderm exposed to Shh (Fig.  5F,H) . Further experiments are needed to determine whether this induction is mediated by Mf2.
Exposing presomitic mesoderm to Shh leads to an increase in cell proliferation, as judged by an increase in BrdU incorporation during in vitro culture (Fan and TessierLavigne, 1994) . A variety of in vivo studies have now implicated forkhead genes in the regulation of cell proliferation. For example, Mfh1 appears to be required for the normal proliferation of sclerotome cells , Bf1 controls the proliferation of telencephalic neuroepithelial cells (Xuan et al., 1995) and mutations in Whn affect the proliferation of thymic epithelium (Cordier and Haumont, 1980) . In the chick, the retroviral oncogene qin, which is related to mouse Bf1, and CWH1, the probable homologue of mouse Mf2, both produce a transformed phenotype when expressed in chick embryo fibroblasts (Li and Vogt, 1993; Freyaldenhoven et al., 1997) . Taken together these observations raise the possibility that Mf2 plays a role in mediating the mitogenic response of ventral somite cells to Shh.
Mf2 in brain development
In the forebrain-midbrain boundary region, Mf2 transcripts are not present in actively dividing cells of the ventricular zone. This is true also for Fkh2, which is expressed in a more rostral region of the midbrain than Mf2 (Kaestner et al., 1995) . This argues against a primary role for Mf2 (and Fkh2) in governing the proliferation of undifferentiated neuroepithelial cells, as suggested for Bf1 in the telencephalon (Xuan et al., 1995) . Instead, the two genes may regulate the differentiation/maintenance of more specialized cell types, as proposed for Mf3/Fkh5/Twh in the motor neurons of the spinal cord (Dou et al., 1997) and for cBf1 and cBf2 in the specification of retinal cells in the chick (Yuasa et al., 1996) . The Mf2 expression pattern overlaps with the positions of cell bodies that contribute axons to three early tracts, i.e. the medial longitudinal fasciculus (m.l.f.), the occulomotor nerve (nIII) and the posterior commissure (p.c.) (Mastick and Easter, 1996) . However, none of these structures precisely corresponds to the domain of Mf2 expression. In particular, although the source of the m.l.f. and certain somata of the p.c. are both present ventrally in the caudal diencephalon and the rostral midbrain, neither extends as anterior as the p2-p3 boundary, the anterior limit of Mf2 expression.
What is the developmental significance of this Mf2 expression pattern in relation to other genes expressed in the forebrain-midbrain boundary? This boundary (p1-mes) is coincident with the boundaries of several regulatory molecules that are expressed dorsally (Puelles and Rubenstein, 1993) . Ventrally, however, Mf2 is an example of a potential regulatory gene whose expression spans p1-mes and whose caudal limit does not correspond to a neuromere boundary. Other examples of genes with similar expression patterns in the posterior diencephalon/anterior midbrain are the homeobox gene Dbx2 (Shoji et al., 1996) and the bHLH protein gene Myf5 (Tajbakhsh and Buckingham, 1995) . Interestingly, Mf2, Myf5 and Dbx2 are all expressed in parts of the hypothalamus, suggesting that this region has molecular properties in common with the ventral domains that span the forebrain-midbrain boundary.
In the hypothalamus, Mf2 expression appears localized to the caudal part of the tuberal hypothalamus (in ventro-caudal p5) and may be related to the formation of the ventromedial nucleus. Several other members of the winged helix gene family, including Fkh4 and Mf3/Fkh5/Twh, are expressed in the developing hypothalamus/mammilary region in distinct but overlapping domains, leading to the suggestion that winged helix genes are particularly important for patterning this part of the forebrain (Kaestner et al., 1996b) . Targeted mutagenesis of the Mf3/Fkh5 gene expressed at high levels in the mammilary region provides some evidence for this hypothesis; mice homozygous for null mutations in Mf3 are dwarf and adult females have an abnormality in their milk ejection reflex, both defects that are consistent with abnormal hypothalamus function (Labosky et al., 1997) . It will be of interest to see whether mice lacking a functional Mf2 gene also have neurological abnormalities.
Experimental procedures
cDNA cloning and sequence determination
The original Mf2 cDNA, covering most of the forkhead domain (0.85 kb), was used to screen approximately 1.8 × 10 6 plaques of a lambda ZAP II 8.5 days p.c. mouse embryo cDNA library (kindly provided by Dr K. Mohan, Baylor College of Medicine). Hybridization was performed in 50% formamide, 4× SSC, 0.1 M sodium phosphate buffer (pH 7.2), 0.5% SDS, 200 mg/ml heat-denatured herring sperm DNA and 10% polyethylene glycol 8000 at 42°C. Washes were done twice each in 2× and subsequently 0.2× SSC, 0.5% SDS at 65°C for 20 min. Five positive clones were obtained and of these, two were Bf2 and three were Mf2. DNAs were sequenced in both strands using Sequenase version 2.0 sequencing kit (USB). Genbank accession number is AF023915.
Northern blotting
For Northern blot analysis, mRNA was purified from 9.5 days p.c. embryos using a polyATract mRNA isolation kit (Promega), electrophoresed on a 1% agarose and 6% formaldehyde gel, transferred to nylon sheets (Hybond-N + , Amersham) and hybridized with a 32 P-labeled probe of the original mouse Mf2 cDNA. Filters were finally washed with 0.1× SSC and 0.1% SDS at 65°C. The 32 P-labeled probes were prepared with the Stratagene random primer labeling kit.
Plasmid construction and in vitro translation of Mf2
pMf2-ORF, which contains the putative open reading frame, was constructed by linking the original Mf2 cDNA clone with two new overlapping cDNAs containing upstream and downstream sequences and inserting the 1.6 kb DNA into the EcoRI site of pBluescript KS. pSW12 was constructed by inserting a 1.8 kb AgeI-EcoRI fragment of Mf2 genomic DNA, covering the entire coding region, into the BamHI and EcoRI sites of pBS KS. To obtain Mf2 protein, the coupled transcription and translation reticulocyte lysate kit (Promega) was used with pMf2-ORF and pSW12 as templates in the presence of [ 
Gel mobility shift assay
Samples were analyzed on a 6% polyacrylamide (29:1) and 5% glycerol gel in Tris-glycine buffer (25 mM Tris, 190 mM glycine, 1 mM EDTA) at 15 V/cm at 4°C for 120 min. The binding reaction contained 1× binding buffer (20 mM HEPES (pH 7.9), 50 mM KCl, 2 mM MgCl 2 , 0.5 mM EDTA, 10% glycerol, 0.1 mg/ml bovine serum albumin, 2 mM DTT, 0.5 mM phenylmethylsulfonyl fluoride, 0.27 mg/ ml poly(dIC)), 0.25 ng probe and 2 ml of the in vitro translation reaction sample. The probe was generated by annealing complementary oligonucleotides and labeling the ends with T4 polynucleotide kinase and [g-32 P]dATP (6000 Ci/mmol). The following oligos were used in this assay: wild-type, designed from the selected binding site for FREAC4 (underlined sequences), AATTCGACTGCTTAAGTAAACAAT-GGGCCCTCGTGCAT and mutant oligo, AATTCGACT-GCTTAACATGGTAGAAAGCCCTCGTGCAT.
In situ hybridization
Whole-mount in situ hybridization was performed as previously described . Probes were the original 850 bp Mf2 cDNA inserted in the EcoRI site of pBluescript KS as a template. In situ hybridization on paraffin embedded sections with [ 35 S]UTP RNA probes was performed using a protocol previously described by Zhao et al. (1993) . Mouse Pax1, cadherin-11 and Sim cDNA probes were kindly provided by Drs Chen-Ming Fan, Masatoshi Takeichi and Yoshiaki Fijii-Kuriyama, respectively.
Shh expression and explant culture
The construct pvhh-1, driving the expression of rat Shh in the pMT21 vector, was kindly provided by Henk Roelink (Roelink et al., 1995) . Transient transfection of COS cells was carried out as described using hanging drop culture (5 × 10 6 cells/ml) to aggregate the transfected cells prior to explant culture (Fan and Tessier-Lavigne, 1994) . Presomitic mesoderm was dissected from 9.5 days p.c. ICR mouse embryos, divided up into small pieces and co-cultured with either control or vhh-1 transfected COS cells in collagen gels. Collagen was obtained from Collaborative Biomedical Products (Bedford, MA). Culture medium was a 45:45:10 mix of DMEM/F12/fetal bovine serum (GIBCO, Grand Island, NY) supplemented with 10 ng/ml b-FGF and antibiotics. Explants were cultured for 24 h and fixed for whole-mount in situ hybridization. For optimal penetration of probe, the explants were positioned near the edge of the collagen gel.
